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Introduction
Lumbar spinal stenosis (LSS) is a spinal degenerative disease that commonly occurs in elderly patients. The symptoms of LSS include low back pain, radiating lower limb pain, and intermittent claudication. Most of the symptoms are caused by compression of the spinal cord, nerve roots, or cauda equine [1] . Ligamentum flavum (LF) is a spinal ligament that covers the posterior and lateral areas of the spinal dural sac. LF hypertrophy is a primary contributor to nerve compression, and it is a cause of LSS symptoms [2] .
Like in other fibrotic diseases, fibrosis plays an important role in LF hypertrophy. This was already indicated by the pathological findings in LF hypertrophy [3] . However, the underlying pathophysiological mechanisms remain unknown. Fibrosis in LF appears to be caused by chronic inflammation and injury that leads to fibroblast-mediated wound-healing responses. These wound-healing responses include cell proliferation, migration, collagen synthesis, and extracellular matrix (ECM) remodeling [4] .
Lysophosphatidic acid (LPA) is present in most types of mammalian tissues. The highest concentration of LPA is found in the serum (~10 μM) and in other body fluids like cerebrospinal fluid [5] . LPA is primarily synthesized by activated platelets [6] . The biological functions of LPA are mediated by six cell membrane receptors. The genes encoding these receptor proteins are designated LPAR1-6 in humans and Lpar1-6 in mice [5] . Among them, LPAR1 is highly expressed in the central nervous system (CNS) and vascular endothelium [7, 8] . LPA activates the LPAR1 downstream signaling cascades via the G(i)/G(o), G(12)/G (13) , and G(q) families of heteromeric G proteins. These play a role in cell migration, proliferation, and the response to tissue damage and infectious agents [5, 9] .
Our group previously used ELISA and immunohistochemistry to show that LPA and LPAR1 are highly expressed in hypertrophied LF [10] . In this study, we examined LPA and LPAR1 expression in hypertrophic LF cells, and we determined their roles on LF cell biology.
Materials and Methods

LF and cerebrospinal fluid (CSF) specimens
Hypertrophied LF (≥5 mm) were obtained from 20 patients (10 males and 10 females; average age: 64.8±1.49 years old; range: 55-79 years; thickness of LF: 5.58±0.219) who underwent decompressive laminectomy for symptomatic degenerative lumber spinal stenosis (LSS) (Fig. 1B, D) . Non-hypertrophied LF (<5 mm) was obtained from 20 patients (10 males and 10 females; average age: 48.67±2.35 years old; range: 34-59 years; thickness of LF: 3.06±0.138) with lumbar disc herniation (LDH) who underwent laminectomy to prepare the posterior pathway for discectomy with or without fusion (Fig. 1A, C) . The LF were sampled from L4/5 and subjected to histological staining, immunohistochemistry analysis, protein and RNA extraction, and cell isolation (for all online suppl. material, see www.karger.com/doi/10.1159/000487574, Suppl. Table1). CSF was obtained from patients who underwent post-myelographic computed tomography (CTM). These CSFs were subjected to ELISA analysis (R&D, MN, U.S.A) to determine LPA concentration. This study was approved by the institutional ethics review board, and written informed consent obtained from each patient.
LF cell isolation and culture
Hypertrophied LF (≥5 mm) was aseptically obtained from four patients with LSS who underwent decompressive laminectomy. Non-hypertrophied LF (<5 mm) was aseptically obtained from four patients with LDH who underwent laminectomy to prepare the posterior pathway for discectomy (Fig. 1A, C) . The LF samples were washed three times with phosphate buffered saline (PBS) and sliced into approximately 0.5 mm 2 pieces. After digestion with 0.2% type I collagenase (Sigma-Aldrich, St Louis, MO, U.S.A) for 90 min, the pieces were washed with Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Invitrogen Ltd, Carlsbad, CA, U.S.A) 3 times. Next, the LF pieces were placed in T-25 flasks and inverted overnight. Complete DMEM with 10% fetal bovine serum (Gibco BRL) and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin) was added, and the samples were incubated in a 5% CO 2 humidified incubator at 37°C. Cells
Cell viability analysis
The viability of LF cells after LPA treatment was evaluated with the cell counting kit-8 (CCK-8, Dojindo, Japan). The LF cells with or without LPAR1 knockdown or overexpression or LPAR1 suppression (Ki16425, Selleck, Shanghai, China) were plated in 96-well plates at a density of 5, 000 cells per well and incubated with various LPA (Sigma-Aldrich) concentrations for 24 h, 48 h, 72 h, and 96 h. The media (complete DMEM with LPA) was changed every 2 days. The cells were washed with PBS before adding CCK-8. Next, 100 μL of complete DMEM medium and 10 μL of CCK-8 solution were added to each well followed by incubation at 37°C for 2 h. The complete DMEM medium and CCK-8 without cells was used as a blank. The optical density (OD) at 450 nm was recorded by a microplate reader (BIOTEK, Vermont, U.S.A). Finally, the ODs of the LPA treatment groups were subtracted by their corresponding blank ODs to remove background interference.
LPAR1 knockdown and overexpression
LF cells were transfected with lentiviral vectors containing small hairpin RNA (shRNA) against LPAR1 (sh1-LPAR1: 5′-GGGAAGAAGTGGATGAGAACG-3′; sh2-LPAR1: 5′-GCACGAGGAGTACCTGAACT-3′), the coding sequences of h-LPAR1 (over-LPAR1: Gene ID: 1902), and a scrambled control (Tongke, Shanghai, China). Vectors were propagated in HEK293 cells, purified, and titered for particle concentration by optical absorbance. The cells were selected in 3 μg/mL of puromycin (Sigma-Aldrich) for 48 h post-infection and maintained in 1 μg/mL puromycin to remove LF cells that lost their shRNA and overexpression.
Cell cycle analysis LF cells with or without LPAR1 knockdown or overexpression were plated in 6-well plates at a density of 200, 000 cells per well. After treating with or without LPA (10 μM) for 24 h, the cells were harvested, washed 3 times with PBS, and centrifuged. Cells were fixed with cold 70% ethanol for at least 24 h (4°C). The cell cycle was analyzed by staining with DNA-labeling propidium iodide (Thermo Fisher Scientific, Waltham, MA, U.S.A) and using flow cytometry. The cell cycle diagram obtained by flow cytometry was fitted with Flowjo software (Version 10, FlowJo, LLC). For quantification of this cell cycle diagram, we used the proliferation index (PI=(S+G2/M)/(G0/G1+S+G2/M) ×100%).
Apoptosis analysis LF cells with or without LPAR1 knockdown or overexpression were plated in 6-well plates at a density of 200, 000 cells per well. After treating with or without TNF-α (10 ng/mL) (Sigma-Aldrich) or LPA (10 μM) for 24 h, the cells were harvested, washed 3 times with PBS, and centrifuged. Subsequently, the cells were resuspended in 1× annexin-binding buffer (Thermo Fisher Scientific). The apoptosis rate was detected using cells staining with annexin V-APC and propidium iodide (both purchased from Thermo Fisher Scientific), and using flow cytometry. To quantify the apoptosis rate, we used the percentage of cell in the upper and lower right quadrant from the flow cytometry diagram.
Western blot analysis
The sliced LF tissues and cells were washed 3 times with PBS and dissolved in RIPA lysis buffer with a protease inhibitor and EDTA (Roche, Grenzach, Germany) to prepare protein homogenates. Equal amounts , rabbit monoclonal anti-phospho-Akt (Ser308) (CST), rabbit monoclonal anti-phospho-Akt (Ser473) (CST), rabbit monoclonal anti-Akt1 (CST), rabbit monoclonal anti-cdc2 (CST), rabbit monoclonal anti-CyclinB1 (CST) and rabbit monoclonal anti-GAPDH (CST). After 3 washes with Tris-buffered saline containing Tween-20 (TBST), the membranes were incubated with anti-rabbit IgG conjugated with IRDye 800CW (CST) for 1 h at RT. After 3 washes in TBST, the immunoreactive bands were detected using the Odyssey infrared imaging system (LI-COR). Positive immunoreactive bands were quantified by Image-Pro Plus 6.0 (IPP6.0) software and normalized to GAPDH.
Animals and animal procedures
Eight-week-old male Sprague-Dawley rate (Shanghai Lab, Animal Research Center Co. Ltd, Shanghai, China) were housed in pathogen-free conditions at 26-28°C and 50-65% humidity. After anesthetizing using an intraperitoneal injection of pentobarbital sodium at a dose of 5.0 mg per 100 g of body weight, a longitudinal skin incision was made over L1-2 or L2-3 spinous processes of the rats. The paraspinal muscles were detached from the spinous processes. The spinous processes, adjacent supraspinous, and interspinous ligaments were partially removed. The exposed LF and 2 pieces of lyophilized LPA (each containing 10 μg of LPA and 1 g gelatin sponge) or LPA+Ki16425 (10 μg of LPA, 10 μg of Ki16425, and 1 g gelatin sponge) or only the gel sponge as a sham-operation control group were inserted into each side of the posterolateral epidural and LF space. The paraspinal muscles and the skin were sutured. All animal operations were approved by the Animal Ethics Committee of the Shanghai Jiaotong University School of Medicine.
Immunohistochemistry LF tissue from patients or rats was fixed with 4% paraformaldehyde 48 h after surgery. Sections of LF (5 μm thick) were obtained to prepare slides. The immunohistochemistry staining procedures for LPAR1 were performed on the slides. The slides were de-paraffinized in graded xylene and rehydrated in graded ethanol solutions. The slides were then incubated in retrieval buffer (Roche) at 37°C for 30 min to retrieve antigen. Endogenous peroxidase activity was blocked in H 2 O 2 solution (3% H 2 O 2 in PBS buffer) at RT for 30 min. The slices were incubated in blocking buffer at RT for 30 min and subsequently incubated with a primary antibody at 4°C overnight. The primary antibody included anti-LPAR1 (CST 1:100), anti-PCNA (CST 1:100), anti-p-Akt (CST 1:100), anti-cleaved Caspase 3 (CST 1:100), and anti-BAX (CST 1:100). Next, the secondary antibody (MaxVision TM HRP-polymer anti-rabbit IHC kit, Maixin-Bio, China) was added for 15 min at RT and DAB (Maixin-Bio) solution was applied as the chromogen. Finally, hematoxylin (SigmaAldrich) was used to counterstain the slices to identify nuclei. A TUNEL assay kit (Roche) was also used to test for apoptosis. DAPI (Sigma-Aldrich) was used according to the manufacturer's protocol to identify nuclei. The images were observed and analyzed using a microscope (Leica DM 4000B) and analyzed with IPP6.0.
Statistical analysis
All experiments were repeated at least 3 times (see online suppl. material, Suppl. Table 1 ). Data from all experiments are reported as the mean ± S.D. The significance of differences within each group was tested with Student's t-test or one-way analysis of variance (ANOVA) by SPSS 19.0 (IBM, Inc.). If the p-value was less than 0.05, the difference was significant.
Results
LF cells density was positively correlated with LF thickness
Non-hypertrophic LF covers the posterior and lateral areas of the spinal dural sac, and it did not compress the dural sac (Fig. 1A) . The thickness of LF was less than 5 mm (Fig.  1C) . LF hypertrophy conducted dural sac compression (Fig. 1B) Zhou et al.: Induction of Ligamentum Flavum Hypertrophy Through LPA-LPAR1-Akt Axis more than 55mm. Using hematoxylin-eosin staining (H&E), we found that the density of LF cells was significantly higher in hypertrophic LF and that hypertrophic LF tissues became disorganized and showed disruption of elastic fibers ( Fig. 1 E, F) . We founded that cell clusters were more common and contained many more LF cells in hypertrophic LF compared to nonhypertrophic LF ( Fig. 1 G, H, I ). These cell clusters indicate that the proliferation of LF cells is much more common in hypertrophic LF.
LPAR1 expression in LF and LPA concentration in CSF are correlated with LF thickness
Based on our RT-PCR, qPCR and western blotting results, LPAR1 expression in hypertrophic LF tissue and cells isolated from hypertrophic LF was significantly higher than non-hypertrophic groups (P<0.001) ( Fig. 2A, B, C) . LPAR1 expression was detected using immunohistochemistry on the cell membrane. This showed stronger positive staining in the hypertrophic LF groups than in the non-hypertrophic LF groups (Fig. 2D , see online suppl. material, Suppl. Fig. 2A ). In addition, ELISA analysis showed a significant difference in the LPA concentration between the hypertrophic LF group and the non-hypertrophic group (Fig. 2E) (Fig. 2E) .
LPA improves LF cell proliferation by promoting progression through the G2/M cell cycle
After observing that LPAR1 was more highly expressed in hypertrophic LF tissues and cells, we treated LF cells with different concentrations of LPA and continuously observed cell viability using CCK8 for 96 h. The results showed that LF cells showed significantly higher viability in a dose-and time-dependent manner when the concentration of LPA reached a (Fig. 3A) . We used 0, 0.1, 1, and 10 μM of LPA as the working concentrations and 24 h as the treatment duration for the following studies. The working concentration of LPA is close to the concentration that we detected in CSF (2.64-5.87 μM) and what was previously reported in LF tissues (2.42-2.71 μM) [10] and serum (10 μM) [5] .
To explore the reason for the increased viability of LF cells after LPA treatment, we used qPCR to investigate the underlying mechanisms. We found that CDK1 (cdc2), CDK2, CDK4, CDK6, CCNA2 (CyclinA2), and CCNB1 (CyclinB1) showed a significant increase at the mRNA level, and they acted in a dose-dependent manner (Fig. 3B) .
Furthermore, we analyzed the cell viability and cell cycle of LF cells with or without LPAR1 knockdown or overexpression (Fig. 4A, B) using the CCK-8 assay and flow cytometry. The LF cells treated with LPA showed significantly higher cell viability compared to the untreated groups (Fig. 4C) . The cell viability of the LPAR1 knockdown LF cells was lower than the control and scramble groups, and LF cells overexpressing LPAR1 showed much greater cell viability than the control and scramble groups (Fig. 4C) . Flow cytometry indicated that LPA improved the G2/M phase transition of LF cells (Fig. 4D) , and the percentage of G2M phase and the proliferation index of LF cells depleted of LPAR1 was lower than in the control and scramble groups. Moreover, LF cells overexpressing LPAR1 showed a much higher percentage of G2M phase and proliferation index compared to the control and scramble groups (Fig. 4E) . No significant differences were found between the control and scramble groups using the CCK8 assay and flow cytometry. 
LPA inhibits apoptosis of LF cells through the Bad and Caspase family
After finding an improved cell cycle progression for LPA-treated LF cells, we analyzed apoptosis-related mRNA expression in LF cells treated with different concentrations of LPA. qPCR results revealed that the mechanism underlying anti-apoptosis in LPA-treated LF cells involves the inhibition of the BAX, BIM, and Caspase families and the activation of BCL2 (Fig.  3C) . Flow cytometry showed that TNF-α can induce apoptosis in LF cells, and LPA can inhibit apoptosis (see online suppl. material, Suppl. Fig.1 ). The apoptosis rate of LF cells depleted of LPAR1 was higher than that of the scramble group, and the overexpression of LPAR1 in LF cell resulted in a much lower apoptosis rate compared to the scramble group (Fig. 4F) .
LPA-LPAR1-activated Akt phosphorylation and downstream signaling cascades in LF cells
The Akt signaling pathway was reported to be downstream of LPAR1. Furthermore, members of the Cdk and Cyclin family are downstream of Akt, and Akt is known to play an important role in a cell cycle checkpoint. Proteins in the caspase family that can promote cell apoptosis are also downstream of the Akt pathway. Using western blotting, we showed that P-Akt (Ser473) was activated in a dose-dependent manner in LPA-treated LF cells (Fig. 5A) . Expression of p-Akt (Ser473) cleaved Caspase 3, CDK1 (cdc2) and Cyclin-B1 (CCNB1) in LF cells with and without LPAR1 knockdown. Overexpression was analyzed using additional western blotting experiments.
When LPAR1 expression was depleted in LF cells, the activation of Akt, Cdk1, and Cyclin-B1 expression was reduced, while the activation of Caspase 3 was higher compared to the scramble control. When LPAR1 was overexpressed in LF cells, the expression of Akt, Cdk1, 
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and Cyclin-B1 was increased. In contrast, the activation of Caspase 3 was reduced compared to the scramble group (Fig. 5B) . We confirmed the same results for Caspase 3 activation (see online suppl. material, Suppl. Fig.2D, E) . Furthermore, LPA-LPAR1-induced activation of Akt can be repressed with an LPAR1 inhibitor (Ki16425), a PI3K inhibitor (LY294002), or a mTORC inhibitor (Rapamycin, PP242) (Fig. 5C ). These data suggest that Akt, Caspase 3, Cdk1, and Cyclin-B1 are potential downstream targets of LPAR1 in LPA-induced cell proliferation and survival in LF cells. Activation of Akt was induced by the LPA-LPAR1-Akt axis, and phosphorylation of Akt on Ser473 required mTORC2.
Enhanced cell proliferation and suppressed apoptosis in human hypertrophic LF samples
To further validate these findings in human pathological samples, LF tissue sections were evaluated using immunohistochemistry and immunofluorescence for BAX, cleaved 
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Caspase 3, PCNA, or TUNEL. The results showed that the expression of BAX, cleaved Caspase 3, and TUNEL staining in non-hypertrophic LF groups were significantly higher than hypertrophic LF groups. In contrast, the expression of PCNA in hypertrophic LF groups was significantly higher compared to non-hypertrophic LF groups (Fig. 6 ). These data suggest that LF thickness is positively correlated with cell proliferation and negatively correlated with cell apoptosis.
Ki16425 prevents LPA induced LF hypertrophy in vivo
Our in vitro data suggested that the LPA-LPAR1 signaling pathway is important for LF hypertrophy. We proposed that LPAR1 may serve as a therapeutic target for the prevention of LF hypertrophy. The inhibitory efficiency of a LPAR1 inhibitor (Ki16425) in LF cells phosphor-Akt (Ser473), phosphor-Akt (Thr308), cleaved Caspase 3, Cdk1, and Cyclin-B1 in LF cells depleted of LPAR1 and overexpressing LPAR1 in response to LPA treatment. The results are expressed as the ratio of LPAR1 to GAPDH, p-Akt (Ser473) to Akt1, p-Akt (Ser308) to Akt1, cleaved Caspase 3 to total Caspase 3, Cdk1 to GAPDH and Cyclin-B1. C, F: Expression of phosphor-Akt (Ser473) in LF cells with or without LPAR1 overexpression treated by LPA, Ki16425, LY294002, rapamycin, and PP242. The results are expressed as the ratio of p-Akt (Ser473) to Akt1. Data are presented as the mean ± S.D. ** indicates p<0.01, **** indicates p<0.0001.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry was analyzed using the CCK8 assay and western blotting. LF cell viability and activation of p-Akt (Ser473) induced by LPA was suppressed using Ki16425 (Fig. 7A, B) . Following these findings, the in vivo effect of Ki16425 was analyzed in a rat LF hypertrophy model. Rat LF sections were evaluated using immunohistochemistry for LPAR1, p-Akt, cleaved Caspase 3, and PCNA. The results showed that LF was significantly thicker in LPA-treated LF groups compared to the sham groups. In contrast, the LPA+Ki16425 groups showed approximately the same thickness as the sham groups. LPA treatment of LF led to the upregulation of LPAR1, p-Akt and PCNA and the downregulation of cleaved Caspase 3 compared to the sham groups. In contrast, LF treatment with LPAR1 inhibitor treatment (Ki16425) resulted in significantly lower expression of LPAR1, p-Akt, and PCNA and higher expression of cleaved Caspase 3 compared to the sham groups. These data suggest that LF thickness is positively correlated with LPAR1 expression and regulated by the LPA-LPAR1-Akt axis (Fig. 7C, D) .
Discussion
The pathological mechanism underlying LF hypertrophy is still controversial. Studies have found that the initial stage of hypertrophic LF is associated with different cytokines, including TGF-β and VEGF secreted by degenerated and herniated intervertebral disks and facet arthrosis [11] . With the progression of intervertebral space instability and chronic inflammation, a high degree of macrophage infiltration was identified as a major cellular 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry source of various molecules [12] , including matrix metalloproteases (MMPs) [13, 14] , tissue inhibitors of matrix metalloproteases (TIMPs) [15, 16] during LF hypertrophy. The LF ECM can become disorganized and show decreased levels and degeneration of elastic fibers and increased levels of collagen fibers [17] . We noted the increased levels of collagen in our study (Fig. 1B) . Afterwards, VEGF mediates angiogenesis, vascular remodeling, scarring, and LF tissue repair [18] . In addition to these known cytokines, we found that LPA also contributes to the pathological development of LF hypertrophy. LPA is secreted by activated platelets in circulation, and it shows a widespread tissue distribution [19] . LPA effects cell proliferation, migration, survival, differentiation, motility, cytoskeletal change, inflammation, and cellcell interaction [6] . Many studies have demonstrated that LPA plays an important role in accelerated wound healing [20] and profibrotic action [21] . The pro-healing activity of LPA is attributed to a combined effect on fibroblast proliferation and migration and to chemotactic activity toward macrophages; these are key events in wound healing [19] . LPA-LPAR1 signaling directly drives connective tissue growth factor (CTGF) expression after injury and induces the proliferation of primary proximal tubular epithelial cells [22] and primary mesothelial cells [23] . In our study, we showed that the concentration of LPA in CSF was positively correlated with LF thickness. Like earlier studies, we showed that LPA can directly induce proliferation and anti-apoptosis of primary LF cells in vivo and in vitro. These primary LF cells can be part of the wound-healing process.
In contrast to the ubiquity of LPA in circulation, LPAR distribution is higher in the central nervous system (CNS). In particular, LPAR1 is abundant in the spinal cord [8] . Furthermore, 
Cellular Physiology and Biochemistry increased expression of LPAR1 occurs in the pathology of degenerative conditions, like increased osteogenesis and development of arthritis [24, 25] . We showed that LPAR1 expression was correlated with hypertrophic LF (Fig. 2) . The biological functions of LPA are mediated by at least six recognized cell-surface receptors (LPAR1-6) [26] . All LPA receptors signal through at least two of the four G subunit families and are activated after binding to G protein coupled receptors (LPAR1-6) via multiple signaling pathways [5] .
The most notable function of LPAR1-induced Gi/o is mitogenic signaling through the RAF-MEK-MAPK cascade and survival signaling through the PI3K-Akt pathway [27, 28] . In this study, we also demonstrated that higher expression of LPAR1 occurs in hypertrophic LF compared to non-hypertrophic LF. The higher expression of LPAR1 directly mediated the effect of LPA on LF cells. This was shown by the abolished effect of LPA on LPAR1 knockdown cells and the enhanced effect of LPA on LPAR1 overexpression cells. The binding of LPA-LPAR1 subsequently activated the Akt signaling pathway, which is critical for cell proliferation and apoptosis. Constitutive activation of the Akt pathway has been found in a variety of fibrotic diseases, including cardiac [29, 30] , renal [31, 32] and pulmonary fibrosis [33, 34] . Here, we demonstrated that LPA-LPAR1 induced Gai/o-Gγ-Gβ and PI3K in LF cells and activated Akt phosphorylation at Ser473 via TORC2 (Fig. 5C ). However, it was also reported that the generation of binding sites for AKT by PI3K at the plasma membrane enables subsequent activation via phosphorylation of AKT at Thr308 by PDK1. Afterwards, p-Akt (Thr308, Ser473) directly or indirectly inhibits the Caspase and Bad families, leading to cell survival (Fig. 8) . Meanwhile, p-Akt (Ser473) also activated Cdk1/Cyclin-B1 and started the M phase, which resulted in cell proliferation (Fig. 8) . The hypo-expression of cleaved Caspase 3 and BAX, the hyper-expression of PCNA in hypertrophic LF from human samples (Fig. 6 ) and an LPA-induced hypertrophic LF animal model also suggested that LPA induces LF cell survival and proliferation, leading to LF hypertrophy (Fig. 7) . As a possible mechanism to explain LF hypertrophy, LPA was reported to induce upregulation of CTGF [10, 35, 36] , a process that is thought to be directly linked to fibroproliferative disorders.
Based on these data, we proposed that LPAR1 inhibition or knockdown is a potential way to rescue LPA-induced fibrosis [19] . Several LPAR1 antagonists have been used for in Combining the results from our study with confirmed results from other studies, LPA activates LPAR1 (GPCR, G protein coupled receptor) and PI3K and subsequently phosphorylates Akt at Thr308 by PDK1 and Ser473 by TORC2. Afterwards, phosphorylated Akt upregulates the expression of CDK1 and Cyclin-B and triggers cell cycle progression from G2 to M phase; additionally, it inhibits BIM, BAX and cleaved Caspase 3 and facilitates Bcl2, which contributes to overall survival potentiation.
Cellular Physiology and Biochemistry vivo fibrosis treatments (Ki16425 [37] , VPC-32183 [38] , and AM966 [39] ). LPAR1 deficiency attenuates pulmonary injury by reducing pulmonary inflammation and fibrosis [40] . LPAR1 knockdown was reported to inhibit human mesenchymal stem cell migration to reduce fibrosis [41] . Here, we showed that LPAR1 knockdown reduced the LPA-LPAR1 axis and suppressed LF cell proliferation and survival in vitro (Fig. 4) . Additionally, we showed that the LPAR1 antagonist Ki16425 can reduce LPA-LPAR1-Akt axis-induced LF hypertrophy in vivo (Fig. 7) .
Conclusion
In summary, our findings show that LPA-LPAR1-Akt activation is positively correlated with LF cell proliferation and survival. Our study provides deeper insight into the pathophysiological mechanism of LF hypertrophy. It also suggests that LPAR1 could become a potential target for new drugs and the development of new therapeutic methods for treatment of LF hypertrophy.
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